The shape of the mandible is used by orthodontists as an aid to orthodontic treatment planning, with different shapes displaying different growth characteristics and being associated with different functional patterns. However, the quantification of shape using conventional linear and angular variables does not always include details of some of the more subtle aspects of form. Fourier analysis enables accurate representation, with few coefficients, of a mandibular outer line from articulare to infradentale. The aim of this study was to investigate, using a cluster analysis, the relationship between variation in mandibular form and overall facial morphology.
Introduction
The shape of the mandible is used by orthodontists as an aid to orthodontic treatment planning, different shapes displaying different growth characteristics and being associated with different functional patterns. Descriptions of the size and shape of the mandible using conventional cephalometric points and combinations of linear and angular parameters have been reported by numerous investigators. However, this type of information does not always recognize the more subtle variation in mandibular shape.
Fourier analysis was selected as a curve-fitting procedure with the potential for yielding shape information without the need for referring to conventional cephalometric landmarks (1) . In this study the method was applied to describe the outline of the mandible from articulare to infradentale and including the gonial and symphysial regions (2) , which make very important contributions to the overall shape of the mandible (3). Sugawara (3) reported that mandibular form was dominated by gonial angle and symphysial factors and also stated that it was possible to classify skeletal facial types by the mandibular form in about 76% of cases.
The purposes of this study were to classify the mandibular outline transformed by Fourier series using cluster analysis in order to examine the pattern of variation in mandibular form, and to investigate the relationship between mandibular form and facial morphology in order to match the classified mandibular forms with facial types: in the anteroposterior (horizontal) dimension, (Class I , II and III) and in the vertical dimension, (short, average and long facial type)(4). Material and Methods The sample consisted of 68 female and 72 male Japanese dental school students aged 22 to 26 years whose records were taken from the collection of the Department of Orthodontics, Nihon University School of Dentistry at Matsudo. Students with jaw deformity (skeletal 2 and skeletal 3 malocclusion) were not included, because the subjects were assumed to be treatable by orthodontic treatment only. No orthodontic treatment had been performed on the subjects. Cephalograms were traced on acetate drafting films. Selected angles and distances were obtained and compensations for radiographic enlargements were made automatically. The reference points and variables are defined in Fig. 1. 1. Fourier analysis of mandibular outline Mandibular outlines extending from the point infradentale (Id) to the point articulare (Ar) were traced and digitized at 61 points, which were identified on the outline of the mandible at three-degree intervals about the midpoint of a constructed baseline (Fig. 2) . The method was defined by Kasai et al. (2) . Using this method the outline of each mandible was described by a combination of simple sine and cosine functions with increasing frequencies and varying amplitudes. The resultant Fourier function was of the form:
where "AO" is a constant term and "i" represents the The amplitudes of these functions (AO, amp 1----ampi), which are specific to the mandibular form of each of the subjects, are called Fourier coefficients. The relative contributions of higher-order coefficients to the description of the mandibular form were small, with the first six terms (AO, ampl to amp5) describing 85.7% of the total variation (2) .
To interpret the Fourier functions, the correlation between each of the coefficients and the 61 radial distances from which they were generated were calculated. Kasai et al. (2) reported that the pattern of these correlation coefficients indicated the anatomical regions described by each of the coefficients. In particular, the first Fourier amplitude, which described differences in the gonial angle, was associated with vertical variation in facial form while the second Fourier term, describing variation in the symphysial region, was related to variation in the horizontal plane (2). 2. Cluster analysis of mandibular form In order to examine the patterns of variation in mandibular form, cluster analysis using the Ward method (5) was performed on the Fourier constant value (AO) and the first five amplitudes. Standard cephalometric variables in some groups assigned by cluster analysis were compared. into three groups using the means and the standard deviations of these three variables: long face>mean+1 S.D., mean-1 S.D. average face mean+1 S.D., short face < mean-1 S.D. If each of three variables for a subject was not classified into the same group, the subject was classified into a certain group on the basis of two of the three variables. All statistical analysis in the study was performed using appropriate routines in SPSS 4.0 for Macintosh.
Results Means and standard deviations of Fourier coefficients representing mandibular form for males and for females are shown in Table 2 . The constant value, AO, describing the overall size of the mandible, was larger in males than in females (p<0.01), and some of the other amplitudes in the Fourier series were larger (p<0.01) or tended to be larger in males.
This assigned subjects to one of seven clusters on the basis of mandibular shape. Tables 3 and 4 show the mean amplitudes and standard deviations for each of the Fourier coefficients in each of the groups derived from the cluster analysis. Tables 5 and 6 show the means and standard deviations of the cephalometric measurements in each of the clusters. Figures 3 and 4 show the typical facial types in each group. Table 7 shows the correlation coefficients between Fourier coefficients and cephalometric measurements. The constant value, AO, which was associated with mandibular size, was negatively related to gonial angle. In the relationship between Fourier coefficients and skeletal morphology, amplitude 1 was associated with gonial angle and SN to mandibular angle, reflecting the relationship between the first Fourier amplitude and variation in the vertical dimension of jaws. Amplitude 2 was related to ANB, indicating a relationship between differences in this Fourier term and variation in the anteroposterior dimension of jaws. On the contrary, in the relationship between Fourier coefficients and the lower incisors, amplitudes 1 and 2 were related to FH to L 1 angle, and mandibular to L I angle, indicating a relationship between differences in these Fourier terms and variation in the inclination of the lower incisor.
From these results, the characteristic facial morphology of each of the groups derived from the cluster analysis of the Fourier coefficients was evaluated as follows:
1. In males Group 1: Class M average facial type. In this group, subjects had a small Y-axis angle which suggested a tendency to forward growth. Group 2: Class II average facial type. This group showed a large ANB angle, and the lower incisors tended to be labially inclined. this group was similar to group 4, the SN-FH angle was different in groups 4 and 5; group 5 had the largest (7.0 degrees) and group 4 had the smallest (3.9 degrees). Group 6: Class II short facial type. It showed the largest mean labial inclination of the lower incisors. Group 6: Class II short facial type. Lingual inclination of the lower incisors. Group 7: Class II long facial. This group had a little more labial inclination of the lower incisors than group 2. The cluster analysis showed that a mandibular form was associated with each facial type and that the gonial angle and the inclination of lower incisors were clearly associated with the facial type classified from the mandibular variables.
Discussion
The Fourier descriptor can be thought of as a curve-fitting procedure based on a converging trigonometric series solution (6,7). Conventional Fourier descriptors and Table 6 Means and standard deviations of cluster groups (female) Table 7 Correlation between Fourier amplitudes (AO, ampl-5) and cephalometric measurements elliptical Fourier functions have been used successfully to map complex morphological forms, including the human cranial vault (8) , cranial base (9,10), and mandible (1). Fourier coefficients could be used in a discriminant function analysis to classify different facial types (11) and to evaluate skeletal jaw relationships (12) and soft tissue profiles (13) . Fourier analysis is an appropriate method for describing mandibular form, allowing observed variation to be partitioned into a single size component and a series of shape components.
In describing the relationship between mandibular and overall craniofacial form, Sugawara (3) reported that the mandibular form was influenced more by the vertical facial features than by the anteroposterior variation. He found that it was possible to correctly predict the skeletal facial type from the mandibular form in about 76% of cases, suggesting a strong relationship between the two variables. Skieller et al. (14) reported that the inclination of the mandibular symphysis was an important feature in predicting rotation of the mandible. The mandibular form, reflecting the compensatory and adaptive demands placed on the mandible and the bony chin, could be considered to be the result of mandibular adaptation to a functional musculoskeletal balance in the craniofacial complex (15) . Solow (16) described the "dento-alveolar compensatory mechanism" which attempts to maintain normal interarch relations under varying jaw relationships. According to this view, the malocclusions that are associated with discrepancies in the jaw base relationship are not directly caused by the discrepancy in the jaw relationship; rather they may be considered to be due to the fact that the discrepancy in the jaw base relationship was not compensated for, owing to an insufficient or inoperative dento-alveolar compensatory mechanism. In the case of mandibular form, the symphysis form was changed by inclination of the lower incisors in an anteroposterior dimension, and the gonial angle was changed by the facial pattern in the vertical dimension.
In this study, the vertical component of facial shape was associated with the gonial angle, which determined the long-to-short facial type. On the other hand, the horizontal component of facial shape was associated with ANB and the inclination of the lower incisors. The gonial angle, which involved the observed variation in the inclination of the mandibular plane, was accounted for by amplitude 1. The inclination of the lower incisors and the ANB were accounted for by amplitude 2.
For example, for males, the first Fourier coefficient (amplitude 1) that described the gonial angle was largest in the long facial group 5 (gonial angle; 130.0 degrees) while the short facial group 6 showed the smallest values for amplitude 1 and had a small mean gonial angle (115.9 degrees). Amplitude 2 was related to the inclination of the lower incisor and ANB. Class 11 average facial group 2 showed the smallest value for amplitude 2 and an ANB angle of 4.3 degrees, while the Class III long facial group 4 showed the largest values for amplitude 2 and an ANB angle of 0.5 degrees. This arises because the inclination of the lower incisors was related to the anteroposterior position of the mandible. In this way, amplitude 2 was related to the horizontal relationship of the jaws. Similar characteristics of amplitude were also shown in females.
In conclusion, the present cluster analysis demonstrated that mandibular form was associated with each facial type, and that of the mandibular variables, the gonial angle and the inclination of the lower incisors was associated with facial type. Furthermore, the Fourier descriptions of mandibular form could be related to the observed variation in facial form, each of the clusters based on mandibular form being associated with demonstrable differences in dentofacial morphology.
